The speciations of ClO2 -, ClO3 -and ClO -utilizing their kinetic differences in reactions with Fe 2+ /Fe 3+ buffer 25 and iodide [26] [27] [28] at different pH values were reported. However, these methods cannot be used to determine CAC and FAC separately. Separation methods such as capillary electrophoresis 29 or ion chromatography, 4, [30] [31] [32] and differential pulse polarography 33, 34 were reported for the determination of chlorite. However, none of the separation methods achieved the speciation of FAC and CAC. Although manual spectrophotometric methods, such as those based on DPD 8 and ABTS, 35 are widely used for the sequential speciation of FAC and CAC but these methods suffer selectivity and stability limitations.
A blank polyvinyl chloride (PVC) membrane containing only 2-nitrophenyloctyl ether as a plasticizer has been reported concerning its selective response towards triiodide, and its response mechanism has been postulated. 24, 36 In the present work, we applied this membrane as a triiodide flow-through detector, which enabled the speciation of CAC, TAC, FAC and chlorite to be conducted. Although other triiodide selective electrodes using ionophores [37] [38] [39] [40] [41] [42] [43] have been reported, the blank PVC membrane is preferred due to its simplicity in preparation and its economy.
The novelty of the proposed method lies in the speciation of CAC and FAC based on their different kinetic reactions with Fe 2+ . The use of Fe 2+ for the kinetic discrimination and speciation of FAC, CAC and TAC has not been reported. Additionally, the set-up can also be suited for the determination of chlorite in the presence of available chlorine when the reagent stream (0.01 M iodide in acetate buffer) is prepared at different pH values. The studies demonstrate other interesting approaches of speciation studies utilizing the triiodide-selective electrode.
Underlying Principles in Analytical Determination

Speciation of FAC, CAC and TAC
FAC in the form of OCl -and CAC in the form of ammonia chloramines (NH2Cl, NHCl2) or organic chloramines (RNHCl) in aqueous solutions are known to react with iodide to liberate iodine in a slightly acidic solution. 45 The reaction is faster in more acidic solutions.
OCl -+ 2I -+ 2H + ←→ I2 + Cl -+ H2O
(1)
ClO2 -can also produce iodine after reacting with iodide at a lower pH 2.
The liberated iodine in the presence of iodide is converted to triiodide (yellow color), 46 which is sensed by the electrode.
FAC and CAC react with iodide at the same rate even at a pH as high as 6.5. Therefore, there is no kinetic discrimination for both reactions, and thus the separate determination of FAC and CAC is not possible. The use of NO2 -to destroy the FAC for the selective CAC measurement 35 is not practical in this case because NO2 -is also an oxidizing agent for iodide. 
Thus, the difference in the kinetics of the reactions between FAC and CAC with Fe 2+ has been exploited for the speciations of FAC, CAC and TAC. In the proposed FIA method, TAC is firstly determined by using a water stream (via SV1, Fig. 1 ), where both FAC and CAC are non-selectively reacted. The mixtures are then merged with reagent 1 (acetate buffer containing iodide, pH 6.0; via SV2) and fill up the loop of the injector (IV). The activation of IV will transfer the products to the surface of the electrode for detection. Secondly, CAC (slower reaction, Eq. (7)) in the presence of FAC is selectively determined by using a Fe 2+ stream (via SV1), which is then merged with reagent 1 (via SV2). The Fe 2+ will reduce FAC (Eq. (6)) and the Fe 3+ formed is masked by F -, so that it will not oxidize I - (Fe 3+ can oxidize I -to triiodide under slightly acidic conditions). 46 CAC is then merged with reagent stream 1 (acetate buffer containing iodide, pH 6.0) before it is reduced by Fe 2+ (Eq. (7)). After merging with the carrier stream (also acetate buffer containing iodide, pH 6.0), the products are injected into the flow system and detected by the electrode. The FAC can be obtained by the difference between the TAC and CAC values (Fig. 2) . The use of excess iodide in the carrier stream is to avoid the degeneration of triiodide 46 on the way to the detector.
Determination of chlorite in the presence of available chlorine
Chlorite, a major by-product of chlorine dioxide disinfection, is normally present with other chlorine species. Since chlorite is unstable in the presence of FAC, both these species are unlikely to coexist together. 4 On the other hand, chlorate, which is another common by-product together with chlorite, is not reactive to iodide unless at very low pH and in the presence of a catalyst. Therefore, chlorite can be determined in the presence of CAC if the pH of the acetate buffer is maintained at low . After the first peak (due to TAC) was recorded, a Fe 2+ stream was activated by SV1, and after injecting mixture, the CAC peak occurred. FAC could be obtained from the difference. Reagent 1 (via SV2) was flowed into the system throughout. (ii) FIA peaks obtained from a sample mixture (FAC + TAC) with the chlorite standard merged with reagentvalue (pH 3). For the selective determination of chlorite in the presence of available chlorine, a water stream (via SV1) and a reagent 2 stream (acetate buffer containing iodide, pH 3.0; via SV2) were directed into the flow system. NaF was used to complex any Fe 3+ that was formed, and to prevent its reaction with iodide. Chlorine dioxide can also be determined by this method after undergoing reduction to form chlorite. 30 
Experimental
Chemicals and reagents
Reagent-grade chemicals and distilled deionized water were used throughout. Acetate buffer was prepared by adding 0.01 M glacial acetic acid (BDH) in a 250 mL volumetric flask that contained sodium acetate (0.01 M) (Sigma). Then, 0.40 g of potassium iodide (Fluka) was added to the solution. The solution was adjusted to the appropriate pH (3.0 or 6.0). Ferrous sulfate (2 × 10 -3 M) (Aldrich) and sodium fluoride (4.0 × 10 -3 M) (Sigma) were prepared in deionized water. FAC and chlorite standard solutions were prepared from 11% (w/v) sodium hypochlorite (BDH) and sodium chlorite (Sigma), respectively, and were standardized iodimetrically every day before use. Syringaldazine (SYR) (Fluka) was prepared in methanol:water (1:1, v/v). 23 The DPD (Fluka) ammonium ferrous titration and iodimetric titration solutions were prepared according to the standard method. 44 
Apparatus
Potentiometric measurements were performed at 25.0 ± 0.2˚C using an Orion 701 A digital ion analyzer equipped with an Orion 90-02 Ag/AgCl reference electrode. A glass calomel electrode connected to an Orion research expandable ion analyzer (Model EA 940) was used to measure the pH of aqueous solutions.
Preparation of PVC membrane
A triiodide-selective membrane was prepared by dissolving 2-nitrophenyl octyl ether (Fluka) (0.2 g) and PVC powder (Sigma) (0.1 g) in 3 mL tetrahydrofuran (Merck). The mixture was stirred for 30 min, and four drops of the mixture were applied dropwise to the tip of a coated-wire platinum substrate and left to dry. The electrode was conditioned in an iodide solution for 2 h before use. Details of the flow cell and its use in the FIA mode have been described elsewhere. 47, 48 
FIA set-up
The FIA set-up is shown in Fig. 1 . A flow-through cell of the wall-jet design with in-built reference electrode (Model FIP-3), supplied by Chemflow Devices (Thornbury, Victoria, Australia), was used.
Solutions were propelled by a multichannel peristaltic pump (Gilson Miniplus 3) equipped with PTFE tubings (0.8 mm i.d.). A Rheodyne-type 500 fourway injection valve and two Rheodyne 500 selection valves were used for sample injection and buffer solution selection. The comparative FIA spectrophotometric method, based on SYR 23 for FAC determination, was carried out using a Hitachi spectrophotometer equipped with an Uvonic ultramicroflow cell of 20 µL and 1.0 mm pathlength. The compositions of the FI streams were: ferrous sulfate (2.0 × 10 -3 M); NaF (4.0 × 10 -3 M); reagent 1 (0.01 M iodide in acetate buffer, pH 6.0); reagent 2 (0.01 M iodide acetate in buffer, pH 3.0); carrier stream (same as reagent 1, i.e., 0.01 M iodide in acetate buffer, pH 6.0); 0.1 M potassium chloride (Fluka) was used as the reference solution for the electrode.
Selectivity studies
Selectivity coefficients were studied using the FIA conditions that were used for TAC determination (i.e., water stream via SV1 and reagent 1 stream via SV2 
Analysis of real samples
Four brands of disinfecting solutions containing FAC and CAC, which were diluted to different working concentrations, as well as tap water, were used to validate the method. Standard DPD ammonium ferrous titration and iodimetric methods 44 were used as reference methods for TAC determination. The DPD method was chosen, since it can detect < 1 ppm OCl -, while the iodimetric method can only detect OCl -> 1 ppm. 44 The FIA method based on syringaldazine, 23 was employed as a comparative method for the evaluation of CAC. A recovery test for chlorite was performed by adding the chlorite standard at three different concentrations to diluted disinfecting solutions that had been treated with excess ammonium sulfate (to convert all of the FAC in the solutions to CAC).
Results and Discussion
Effect of the pH and FI variables
The effect of the pH of the carrier stream from 1.7 to 7.2 on the triiodide membrane response was studied. It was found that pH 3.0 produced the most intense peak (Fig. 3) . The reduction in the signal at higher pH values was due to a slow reaction between chlorine and iodide, especially when the pH is more than 7. A too much acidic carrier stream had to be avoided because this would enhance the reaction of oxidants, such as Fe 3+ , Cu 2+ , MnO4 -and IO3 -, with iodide other than chlorine itself. A carrier stream of pH 6, however, was used because only a few oxidants can oxidize iodide at this pH. Thus, when measurements of only FAC and CAC are intended, the pH of the reagent stream 1 was maintained at pH 6.0.
The effect of the injected volume was studied by injecting 1.96 × 10 -4 M OCl -from 25 µL to 150 µL and where a gradual increase in the peak height until 100 µL (Fig. 4) was found. The effect of the carrier flow rate (0.6 to 2.5 mL min -1 ) also shows increasing sensitivity until about 1.25 mL min -1 , where minimum potential changes were found thereafter (Fig. 5) . The response time for a larger sample volume was longer, while the higher flow rate increased the time for the peak to reach its baseline. Therefore, pH 6.0 for the reagent 1 stream, 25 µL of the sample volume and 1.25 min -1 of the carrier flow rate were adopted for the system. The lengths of reaction coils RC1 and RC2 were not critical due to the fast reaction involved, and thus 10 cm of the coil was sufficient for satisfactory results.
The speciation procedure stated above is not feasible for . 46 The correct concentration of the Fe 2+ solution used is important concerning the success of the FIA system. The Fe 2+ concentration should be in the range of 3 × 10 -4 -3 × 10 -3 M to ensure a complete reaction of the FAC that is present in the working concentration range. An Fe 2+ concentration exceeding the range above will accelerate the reduction of CAC, thus causing an error in the determination.
Determination of chlorite (ClO2 -)
Chlorite undergoes reduction by iodide (Eq. (4)) only at a lower pH value than that of the available chlorine species. Because chlorite is unstable in the presence of FAC and Fe 3+ , 1, 4 it is unlikely for FAC and chlorite to coexist together in a solution. Also, the reduction of chlorite by iodide and Fe 2+ is very slow at pH 6. Thus, chlorite is not expected to interfere in the determination of FAC and CAC under the adopted experimental conditions. However, if the determination of chlorite is intended, the same manifold can be used by changing the pH of the reagent stream (from pH 6.0 to 3.0) to facilitate the reaction of chlorite and iodide to form triiodide. The effect of the pH of the reagent stream on the chlorite peaks is shown in Fig. 3 . It is clear that the reaction between chlorite gives a superior sensitivity at pH 3 or less. If the speciation of chlorite and available chlorine species is intended, the value of chlorite 48 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 44 can be calculated from the difference in the peak height of TAC ( Fig. 2(ii) ).
Analytical characteristics
Under the adopted experimental conditions, the calibration graph (Fig. 6) showed a linear range of OCl -from 2.8 × 10 -6 to 2.8 × 10 -4 M (validated by standard iodimetric titration). The detection limit (S/N = 3) is about 1.4 × 10 -6 M and the linearregression equation of the calibration is y = 37.80x + 215.5 with a correlation coefficient of 0.996. The linear range of the proposed method is similar to that of the reported FIA DPD colorimetric method but longer than the Pb-ISE potentiometric methods (2.8 × 10 -6 -2.8 × 10 -5 M). 22 The reproducibility when expressed as the relative standard deviation of four repeated injections of 2.24 × 10 -4 M OCl -standard is ±1.1%. The sample throughput, calculated from repeated injections of the OCl -standard at the lowest linear range, was 75 samples per hour. The electrode remained functional for at least one week of normal use without any noticeable reduction in the sensitivity or the response time.
Selectivity of the method
Ortuno et al. reported on a blank PVC triiodide membrane for the determination chlorine. 24 Common anions, such as PO4 3- , were tested for their potentiometric selectivity coefficient. It was found that the selectivity was better than that of the other triiodide selective membranes that contained ionophores. 24 The selectivity of the triiodide electrode was further tested for several oxidants that are known to oxidize iodide, such as ClO3 -, BrO3 The carrier acetate buffer was prepared at pH 6.0 for the determination of TAC. The possibility of a few oxidants to cause interference under the experimental condition was investigated by manually mixing equal volumes of oxidant (0.01 M) with iodide (0.01 M) solutions. Acetic acid (0.01 M) was added dropwise while the solution was continuously stirred until the appearance of a yellow solution due to the formation of triiodide. The pH of the solution at this point was measured, and the results are given in Table 2 . IO3 -, MnO4 -, Fe 3+ and Cu 2+ interfered under the tested condition.
Applications
The proposed method was applied to the determination of TAC in tap water and several diluted disinfecting solutions. For the determination of TAC at less than 2.8 × 10 -5 M (equivalent to 2.8 × 10 -5 M active chlorine), DPD ammonium ferrous titration 44 was employed as a reference method (Table 3) . A paired student t-test was performed at the 95% confidence level, and it was found that there was no significant difference in the means of the results obtained from the proposed FIA and the manual DPD ferrous ammonium titration method 44 (calculated t, 0.995; tabulated t, 2.447). 49 For the determination of CAC and TAC in the bleach solutions with the chlorine content being more than 2.8 × 10 -5 M, the FIA spectrophotometric method based on syringaldazine 23 was used ( Table 4 ). The TAC levels were also determined using the iodimetric titration. 44 The calculated t value based on the results between the TAC of the proposed method and standard iodimetric titration is 2.19 (tabulated t value, 3.182), while calculated t value between the CAC of proposed method and reported method is 0.4737 (tabulated t value is 3.182), showing no significant difference between the proposed method and the comparative methods at the 95% confidence level. Typical FIA peak signals are shown in Fig. 7 .
The recovery for chlorite (Table 5) was tested using three different bleach solutions that had been treated with excess ammonium sulfate to convert all of the FAC to CAC (chlorite not stable in the presence FAC), before a known amount of chlorite was added to the solutions. The values of chlorite were obtained by the difference between the TAC peaks before and after the addition of chlorite. Good recoveries were obtained from the tested samples (Table 5) .
The FIA methods can be readily extended to the determination of chlorate (ClO3 -+ I - OsO4 catalyst → I3 -) 35 or chlorine dioxide (ClO2  reducing agent → ClO2 -). 35 
Conclusion
A flow injection system based on a triiodide-selective membrane electrode was successfully developed for the speciation of FAC, CAC and TAC using the kinetic difference between the reactions of FAC and CAC with Fe 2+ . The proposed method enables the on-line conversion of CAC and TAC to triiodide. An advantage of the on-line conversion is preventing the degeneration of triiodide (I3 -is unstable when exposed to air). 1 The speciation of available chlorine and chlorite was achieved by changing the pH of the reagent stream. Good agreement between the results of the chlorine species and the reference method was found. 
